1. Introduction {#sec1-ijms-20-03289}
===============

Optimal myocardial performance relies upon incessant generation and supply of ATP molecules to the contractile apparatus. To generate this energy, the heart utilizes a variety of different metabolites including glucose, fatty acids (FA), ketone bodies (KB), and lactate among others. Interestingly, cardiac cells are capable of shifting energy dependence among these substrates depending on their availability and myocardial workload changes (also termed "metabolic flexibility") \[[@B1-ijms-20-03289]\]. Numerous disturbances affecting both metabolic pathways and substrate flexibility have been associated with contractile impairment \[[@B2-ijms-20-03289],[@B3-ijms-20-03289]\] and novel targeted-therapies are now under investigation. This indeed, represents a promising alternative for such patients, considering that the leading cause of death worldwide is heart disease \[[@B4-ijms-20-03289]\].

The novel antidiabetic drug family of sodium-glucose cotransporter (SGLT) inhibitors has been found to significantly reduce cardiac mortality in patients with type 2 diabetes mellitus (T2DM) \[[@B5-ijms-20-03289],[@B6-ijms-20-03289],[@B7-ijms-20-03289]\]. Furthermore, SGLT2 inhibitors (SGLT2i) protect renal function in diabetic patients in a non-related glucose-lowering fashion \[[@B5-ijms-20-03289],[@B6-ijms-20-03289],[@B8-ijms-20-03289],[@B9-ijms-20-03289],[@B10-ijms-20-03289]\], but the definitive mechanism(s) remains unclear. Among all SGLT subtypes, SGLT1 and SGLT2 are the most abundant receptors, but only the former is expressed in cardiac cells \[[@B11-ijms-20-03289]\]. Whereas little is yet known about SGLT1 inhibition, most of the literature has focused on studying SGLT2 properties and the impact of its blockage in T2DM patients \[[@B12-ijms-20-03289]\]. Interestingly, emergent data suggest a potential role of SGLT1 receptor on ischemic heart disease (IHD). Therefore, in this review we aim to present the most cutting-the-edge literature regarding the impact of both SGLT1 and SGLT2 inhibition on myocardial damage and cardiac-cell performance.

2. Cardiac Metabolism and Substrate Bioenergetics {#sec2-ijms-20-03289}
=================================================

2.1. Normal Cardiac Metabolism {#sec2dot1-ijms-20-03289}
------------------------------

Human hearts obtain energy from two sources, adenosine triphosphate (ATP) (\~5 μmol/g wet weight) the primary molecule to act as fuel in all cellular processes, and phosphocreatine (PCr) (\~8 μmol/g wet weight) which acts more as an energy reserve \[[@B1-ijms-20-03289]\]. Cardiomyocytes contain numerous mitochondria, an organelle that generates over 95% of ATP through oxidative phosphorylation. The remaining 5% is produced by both glycolysis in the cytoplasm, and a minimum part by the Krebs cycle \[[@B13-ijms-20-03289],[@B14-ijms-20-03289]\]. PCr can be obtained from ATP's high-energy phosphate bond, which is transmitted to creatine via interaction with creatine kinase (CK) enzyme. Due to its low molecular weight, PCr is capable to cross the membrane into the cytosol easily, and to generate more ATP molecules from precipitated adenosine diphosphate (ADP) by CK \[[@B15-ijms-20-03289]\].

The myocardium requires high amounts of energy to meet the constant demand of sarcomere proteins. In order to maintain this, the cardiac cells rely on substrate flexibility which allows them to switch from one source of energy to another one depending on cardiac workload and metabolite availability \[[@B14-ijms-20-03289]\]. During a fasting state, the main source for cardiac ATP (up to 70% of total production) comes from FA oxidative phosphorylation, 20% from glucose and the remaining from amino acids (AA), lactate and KB consumption \[[@B16-ijms-20-03289]\]. In the fed state, with the presence of high blood carbohydrates levels, the principal substrate is glucose. Furthermore, during long-standing exercise, lactate becomes the main source of ATP supply to the myocardium since cardiac cells are capable to switch among different substrates \[[@B14-ijms-20-03289]\] ([Figure 1](#ijms-20-03289-f001){ref-type="fig"}).

2.2. The Failing Heart and Diabetic Cardiomyopathy: Metabolic Alterations {#sec2dot2-ijms-20-03289}
-------------------------------------------------------------------------

When the heart fails to supply enough energy (ATP molecules) to meet energy demands (ATP consumptions, an impairment in cardiac performance may be induced \[[@B14-ijms-20-03289]\]. This phenomenon is worsened given the fact that the human heart only storages ATP for around 5--10 s. In order to survive this ordeal, the myocardium switches cardiac metabolism back to a fetal model wherein FA oxidation decreases and carbohydrate metabolism (both aerobic and anaerobic) becomes the main source of energy.

In normal hearts, Acetyl-CoA, a common denominator from different metabolic pathways, enters in the Krebs cycle within the mitochondria to experience oxidative phosphorylation and to obtain ATP. In the failing heart, there is an increased glycolysis and upregulation in anaplerosis pathways to provide Acetyl-CoA molecules for the Krebs cycle. This metabolic switch is based on the "Randle cycle" regulation that postulate an increased glucose oxidation when glucose availability exceeds FA and vice versa \[[@B17-ijms-20-03289]\]. This change in myocardial utilization from FA towards glucose is oxygen-efficient since glucose oxidation consume less oxygen molecules as compared to FA oxidation, and thus is positive in the short term; in fact, the P/O ratio (the number of ATP molecules produce per oxygen molecule) is higher for glucose (P/O = 2.58) than for FA (P/O = 2.33). However, this metabolic switch fails to supply enough energy given the fact that FA consumption produces 105 molecules of ATP in comparison with only 31 molecules of ATP from glucose consumption, hence this metabolic switch is deleterious in the long term and thus gives birth to the concept "heart failure begets heart failure (HF)".

A different mechanism has been postulated for hyperglycemic states and diabetic cardiomyopathy. As there is reduced glucose uptake and utilization due to insulin resistance, FA oxidation increases as a compensatory mechanism. The problem is that excessive myocardial uptake of FA causes cardiac lipotoxicity and enhanced oxidative stress. The end result is diabetic cardiomyopathy, which is characterized by concentric left ventricular hypertrophy, abnormal diastolic function and reduced output. There is also an upregulation of peroxisome proliferator-activated receptor alpha (PPAR-α), which enhances FA oxidation \[[@B18-ijms-20-03289]\]. Therefore, cardiac metabolism becomes highly altered.

In addition, another proposed pathophysiological mechanism for myocardial dysfunction in diabetes leading to the development of diabetic cardiomyopathy is myocardial stiffness, resulting from cellular and extracellular matrix stiffness as well as cell-matrix interactions. Being the intrinsic cardiomyocyte stiffness its major contributor as a result of the impairment in its cytoskeleton. Several mechanisms are also involved in myocardial stiffness: inflammation, oxidative stress and SGLT-2 mediated effects, the reason why SGLT2i are emerging as a potential treatment option \[[@B19-ijms-20-03289]\].

In summary, there seem to be two different metabolic disturbances that account for the failing heart: HF (which increased glucose metabolism and reduced FA utilization) and diabetic cardiomyopathy (with greater metabolic reliability on FA oxidation but lower glucose consumption). These two mechanisms suggest the existence of a very precise balance of different substrate consumption to ensure adequate cardiac function.

2.3. Myocardial Schemia: Metabolic Alterations {#sec2dot3-ijms-20-03289}
----------------------------------------------

Following acute myocardial ischemia, a wound repair process of the left ventricle is triggered. This phenomenon, also termed "adverse remodeling", involves changes such as myocyte death and hypertrophy, inflammatory response and connective tissue alterations. The extent of these changes is a major determinant of mortality and morbidity in patients with acute myocardial infarction \[[@B20-ijms-20-03289],[@B21-ijms-20-03289]\]. In addition, reperfusion-induced molecular alterations may also contribute to the final extension of the cardiac injury \[[@B22-ijms-20-03289],[@B23-ijms-20-03289]\].

Myocardial ischemia triggers a local and systemic inflammatory response in which both cytokines and cardiac-monomeric C-reactive protein seem to play a crucial role \[[@B24-ijms-20-03289]\]. In addition, the activation of the innate inflammatory response via toll-like receptor 4 (TLR-4) may regulate this response \[[@B22-ijms-20-03289]\]. Moreover, reperfusion-associated injury induces an upregulation of pro-fibrotic cytokine transforming growth factor beta (TGF-β) promoting fibrotic deposition, and some studies suggest that apoptosis is a reperfusion-triggered phenomenon and that is related to recruited macrophages \[[@B24-ijms-20-03289]\]. The final result is a decrease in mitochondrial oxidative metabolism and ATP production \[[@B25-ijms-20-03289]\]. Therefore, during myocardial ischemia, energy supply from oxidative metabolism (either from glucose or FA oxidation) cannot satisfy energy demands, and glycolysis becomes the only metabolic pathway available for energy production and cell survival. Nonetheless, this anaerobic pathway is less energy efficient and generates fewer ATP molecules \[[@B17-ijms-20-03289]\] as mentioned previously, and also, it leads to the accumulation of deleterious products within cardiac cells (lactate and protons) \[[@B25-ijms-20-03289]\]. In summary, the higher reliability on glycolysis during cardiac ischemia induces contractile reserve impairment, left ventricle hypertrophy and contractile dysfunction if it prolongs enough.

It is also important to highlight the difference between acute and chronic alterations after cardiac ischemia. Following acute ischemia, there is an upregulation of carbohydrates metabolism and glucose intake, which may be beneficial in early stages since glucose is a more oxygen efficient metabolite than FA \[[@B17-ijms-20-03289]\]. However, a cardiac metabolism mostly dependable on glucose utilization may alter cardiac function in the long term, as observed in glycogen storage disease-related cardiomyopathy \[[@B26-ijms-20-03289]\].

3. The Role of SGLT1 Receptor in Ischemic Cardiomyopathy {#sec3-ijms-20-03289}
========================================================

3.1. SGLT-1 Receptors Overview {#sec3dot1-ijms-20-03289}
------------------------------

Given its hydrophilic nature, glucose molecules are unable to pass the lipid bilayer of cardiac cells. Two families of transporters are involved in facilitate the transport of glucose from the bloodstream into the myocyte cytosol: 1) the glucose transporters 1 and 4 (GLUT1 and GLUT4), which transport exclusively glucose molecules via facilitated-diffusion and 2) the sodium-glucose cotransporter 1 (SGLT1), which transports various substrates into the cell (i.e., sugars, inositol and urea) against chemical gradient using the energy related in the simultaneous transport of sodium in favor of electrochemistry \[[@B25-ijms-20-03289],[@B27-ijms-20-03289]\]. While GLUT1/4 has been widely investigated, little is yet known about SGLT1. Apart from the cardiomyocytes, SGLT1 receptors are also expressed in small intestine enterocytes and in renal proximal tubule S3 cells, wherein it also mediates glucose uptake \[[@B27-ijms-20-03289]\].

The SLGT family is the subgroup solute carrier 5 (SLC5) of the solute carrier's group. Among them, SGLT1 and SGLT2, encoded by the genes *SLC5A1* and *SLC5A2*, respectively, are of essential importance for glucose homeostasis \[[@B28-ijms-20-03289]\]. Therefore, these receptors represent a potential target for treating diabetic patients and they have drawn tremendous attention over the last years. Interestingly and in contrast to SGLT2 receptor, that is mainly expressed in the kidneys, SGLT1 receptor is highly expressed in the human heart, with preferential location in the sarcolemma \[[@B11-ijms-20-03289]\]. Its expression is also altered in diabetic and ischemic cardiomyopathy and it may be regulated by leptin \[[@B27-ijms-20-03289]\]. While leptin stimulates the expression of cardiac SGLT1 mRNA, insulin seems to only stimulate its translocation to sarcolemma. Interestingly, at least in mice, cardiac SGLT1 expression has found to increase with age \[[@B27-ijms-20-03289]\].

Functional SGLT1 is an oligomer, resulting from dimerization. At least 3 bands have been observed in human hearts: 2 bands of 70 and 140 kDa (that could reflect dimerization), and also an intermediate band, which its significance is unknown and could be related to post-translational modifications (i.e., phosphorylation) \[[@B27-ijms-20-03289]\]. The expression of SGLT1 has been also found rat endothelial cells in skeletal muscle, brain and coronary arteries, where in is required for the action of insulin on glucose supply to myocytes \[[@B29-ijms-20-03289]\]. However, this has not yet been confirmed in human endothelial cells \[[@B11-ijms-20-03289]\]. Unlike GLUT1 and GLUT4, which expression is down-regulated in diabetic hearts, SGLT1 expression is increased in individuals with end-stage cardiomyopathy secondary to T2DM and in obese mice \[[@B27-ijms-20-03289]\]. In contrast, SGLT1 expression decreases in a mice model with T1DM \[[@B27-ijms-20-03289]\]. It has been postulated that increased SGLT1 expression may be related to chronic hyperinsulinaemia in T2DM and/or and adaptive response to reduced GLUT1 and GLUT4 expression \[[@B27-ijms-20-03289]\]. Insulin activates protein kinase C and phosphorylation of SGLT1, which increases the recruitment of SGLT1 transporter to the plasma membrane and thus, glucose uptake.

Intestinal SGLT1 is modulated by dietary carbohydrate consumption. Following a high-glucose diet in animal models, SGLT1 activity and expression increase. Glucose appears to be a local rather than a systemic modulator since oral but not intravenous glucose administration enhances its expression \[[@B30-ijms-20-03289]\].

3.2. Impact of SGLT1 Inhibition on Ischemic Heart Disease {#sec3dot2-ijms-20-03289}
---------------------------------------------------------

Cardiac ischemia results in 2- to 3-fold increased glucose uptake and utilization \[[@B31-ijms-20-03289]\], that seems to be protective at least partially, during acute injury. There is an upregulation of expression and translocation of GLUT1 and GLUT4 via PI3-K dependent manner and also through adenosine mono-phosphate activated protein kinase (AMPK) \[[@B32-ijms-20-03289]\]. The phosphorylation (activation) of Akt by phosphatidylinositol 3-kinase (PI3K) increases GLUT1/4 expression and may explain the cardioprotective effect of Akt on myocardial ischemia \[[@B23-ijms-20-03289]\]. AMPK is the cell energy sensor that regulates cellular homeostasis during cardiac impairment. Hyperactivating mutation of AMKP in mice is associated with increased expression/activity of SGLT1 \[[@B11-ijms-20-03289]\]. In addition, SGLT1 is also upregulated 2- to 3-fold in myocardial ischemia \[[@B27-ijms-20-03289]\] and seems to be an adaptive response to injury give its association with the functional recovery in failing hearts after left ventricular assist device insertion \[[@B32-ijms-20-03289]\]. This upregulation of SGLT1 receptors appears to be related to the activation of intracellular second messengers, ERK1/2 and mTOR \[[@B11-ijms-20-03289]\].

Whether SGLT1 receptors exert protective or deleterious effects has not been yet determined. On one site, SGLT1 expression may be beneficial following acute myocardial ischemic injury since they facilitate glucose uptake, which is the only source of ATP through anaerobic glycolysis during ischemia.

On the other side, chronic SGLT1 overexpression has been demonstrated to cause a phenotype similar to glycogen-storage cardiomyopathy \[[@B33-ijms-20-03289],[@B34-ijms-20-03289]\]. Importantly a recent article has demonstrated that SGLT1-knockdown mice model was associated with reduced oxidative stress, myocardial necrosis and infarct size following ischemia-reperfusion (I/R) injury \[[@B35-ijms-20-03289]\]. Specifically, during ischemia AMPK upregulates SGLT1 through ERK, and SGLT1 interacts with EGFR which in turn increases PKC and Nox2 activity and oxidative stress. Therefore, SLGLT1 may represent a novel therapeutic target for mitigating ischemia---reperfusion injury for patients with ischemic heart disease and further trial should be addressed \[[@B36-ijms-20-03289]\]. Nevertheless, acute treatment with dual SGLT1/SGLT2 inhibitors immediately after I/R injury has also been associated with exacerbated cardiac dysfunction in rats \[[@B37-ijms-20-03289]\]. Given the absence of SGLT2 receptors in cardiac cells, this effect may be linked to acute SGLT1 inhibition in the post-myocardial infarct setting. Moreover, I/R models treated with phlorizin, a selective SGLT1 inhibitor, also showed poor outcomes with increased infarct size and cardiac dysfunction \[[@B38-ijms-20-03289]\].

In summary, the metabolic switch towards carbohydrate over FA consumption, following acute myocardial ischemia, seems to be essential to maintain adequate ATP supply to the cardiac contractile apparatus. SGLT1 receptors favor this glucose utilization, and SGLT1 inhibition may not be beneficial in the acute scenario. However, a long-term cardiac metabolism mainly based on glucose consumption has also been associated with cardiac impairment and thus, SGLT1 inhibitors may play a more decisive role in this setting.

4. Inhibition of SGLT2 Receptors {#sec4-ijms-20-03289}
================================

4.1. SGLT2 Receptor Overview {#sec4dot1-ijms-20-03289}
----------------------------

Due to poor control of diabetes even with the high number of medications available, new therapeutic interventions are still being sought to try and control this fearsome epidemic. Type 2 sodium glucose co-transporter receptor inhibitors (SGLT2i) are a new class of drug with a promising future.

This receptor plays a key role in the tubular reabsorption of the urinary glucose. Kidneys filter glucose molecules that are subsequently reabsorbed in the proximal tubules back to the bloodstream. When the amount of glucose in the renal tubules surpasses 160--180 mg/dL (i.e., renal threshold), the kidneys are unable to reabsorb such a high quantity and glucose is eliminated through urine (i.e., glycosuria) \[[@B39-ijms-20-03289]\]. Approximately 90% of the glucose is transported through the membrane of the proximal tubule by the SGLT2 receptor. There is an overexpression of SGLT2 receptors in diabetic patients, which increases glucose reabsorption and thus, glycaemia \[[@B40-ijms-20-03289]\]. Mutations in the gene that encodes this receptor, *SLC5A2*, have been associated with glycosuria suggesting that by blocking this cotransporter the reabsorption of glucose from the renal tubules may be impaired and therefore reducing hyperglycemia \[[@B39-ijms-20-03289]\].

This observation offers the nature response and settles the basics for an alternative treatment of DM patients. In terms of side effects, the most frequent and relevant is mild-moderate GI infections, more commonly in women with prior history of infections and post -- menopause that resolved with standard treatment. Given that its effect is not related to increased insulin release, hypoglycemia was not seen in patients with T2DM or nondiabetic, presumably due to an increase in endogenous glucose production in the liver. In addition, the is a mild diuretic effect that may increase the risk of orthostatic hypotension, postural dizziness and dehydration specially in older patients and with combination of loop diuretics \[[@B5-ijms-20-03289]\] ([Table 1](#ijms-20-03289-t001){ref-type="table"} summarizes the properties of the SGLT2 inhibitors).

4.2. Impact of SGLT2 Inhibition on Heart Failure and Diabetic Cardiomyopathy {#sec4dot2-ijms-20-03289}
----------------------------------------------------------------------------

The rapidly growing interest in cardiac metabolism and substrate flexibility continues to increase due to these new emergent drugs, SGLT2i \[[@B41-ijms-20-03289]\]. These agents have showed in three large randomized clinical trials \[[@B5-ijms-20-03289],[@B6-ijms-20-03289],[@B7-ijms-20-03289]\], to reduce mortality and HF hospitalizations in T2DM patients \[[@B42-ijms-20-03289]\]. By impressive reduction in HF events, these trials also provide strong evidence for primary prevention of new onset HF among T2DM that should be further evaluated \[[@B43-ijms-20-03289]\]. We have specifically demonstrated that the SGLT2 inhibitor empagliflozin ameliorate adverse cardiac remodeling and enhance systolic function in HF animals even in non-diabetic model \[[@B44-ijms-20-03289]\]; in fact our findings have been later corroborated by other groups \[[@B45-ijms-20-03289],[@B46-ijms-20-03289]\], demonstrating a cardio-protective effect in non- DM models with cardiomyopathy \[[@B47-ijms-20-03289]\].

We postulated that glycosuria induced by SGLT2 inhibition lowers portal insulin-to-glucagon ratio, which causes lipolysis and increased FFA delivery to the liver, thus resembling prolonged fasting and stimulating ketogenesis As myocardial ketone uptake is only dependent on plasma ketone concentrations and ketonemia is markedly increase during SGLT2 inhibition (both in diabetic and not diabetic patients) \[[@B48-ijms-20-03289]\], we postulated \[[@B49-ijms-20-03289]\] that empagliflozin would result in a metabolic switch in myocardial metabolism from glucose utilization (which is energy-inefficient) towards the consumption of ketone bodies and FA (which produce more energy compared with glucose). In fact, our results demonstrate reduced consumption of glucose but enhanced utilization of ketone bodies, FA and branched-chain aminoacids (BCAA) \[[@B49-ijms-20-03289]\]. Furthermore, there was increased activity of all the enzymes responsible for FA/ketone/BCAA metabolism and reduced expression of enzymes implicated in glucose metabolism \[[@B49-ijms-20-03289]\]. This metabolic switch has later been confirmed by other groups \[[@B45-ijms-20-03289]\]. Moreover, the positive mechanistic role of ketone bodies has been further confirmed by us given that a continuous infusion of β-hydroxybutyrate improves cardiac function (both systolic and diastolic) in a non-diabetic animal model \[[@B50-ijms-20-03289],[@B51-ijms-20-03289]\].

Additionally, SGLT2i inhibit the sodium-hydrogen exchanger (NHE) isoform 1, which is expressed in the myocardium and modulates cardiomyocyte pH. There is an upregulation of NHE1 activity in the failing heart, which leads to an increase in intracellular Ca^2+^ concentration, via promoting Na^+^ influx. As a consequence, calcineurin signaling is enhanced resulting in cell death and myocardial damage \[[@B17-ijms-20-03289]\]. Long-term suppression of NHE1 in animals has been associated with reduced oxidative stress and thus, myocardial fibrosis and left ventricular adverse remodeling \[[@B52-ijms-20-03289]\]. Moreover, NHE1 downregulation has been also related to preservations of insulin sensitivity in high-fat diet fed mice \[[@B52-ijms-20-03289]\]. Importantly, SGLT2 inhibitors inhibit NHE \[[@B53-ijms-20-03289],[@B54-ijms-20-03289]\] which may also explain the beneficial effects of these drugs on HF.

Cardiac fibrosis, an important final common pathway of HF, is also ameliorated by SGLT2 inhibition. On DM murine models after 8 weeks of empagliflozin myocardial structure and function improved showing a reduction on myocardial oxidative stress in addition of ameliorated fibrosis \[[@B55-ijms-20-03289]\]. Dapagliflozin for instance, reduces collagen synthesis in rats by inhibiting myofibroblast differentiation following acute MI \[[@B56-ijms-20-03289]\], and suppresses prolonged ventricular repolarization through increase mitochondrial function in insulin---resistant metabolic rats \[[@B57-ijms-20-03289]\]. Empagliflozin also lowers pro-fibrotic markers via downregulation the cardiac fibroblast activation \[[@B58-ijms-20-03289]\].

Another interesting postulated mechanism by which SGLT2i may exert their cardiac benefits is via AMPK activation. This protein-kinase promotes FA metabolism and oxidation and therefore, improving cardiac bioenergetics \[[@B59-ijms-20-03289]\]. Moreover, SGLT2 inhibitors seem to polarize macrophages from a proinflammatory M1 phenotype towards an anti-inflammatory M2 phenotype \[[@B60-ijms-20-03289]\], which would also cause less cardiac damage.

A tight glycemic control takes years to display changes in CV outcomes and this is unlikely to be the reason behind the previously mentioned benefits. Interestingly, SGLT2 receptors are not expressed in the heart and that suggests an indirect effect on cardiac metabolism that remains still unknown \[[@B61-ijms-20-03289]\]. Therefore, many research projects are now focusing on clarifying SGLT2i properties beyond DM, and more focalized around cardiac metabolism, cardiovascular effects (including arterial stiffness and vascular resistance) and a direct natriuretic impact with subsequent impact on blood pressure control \[[@B62-ijms-20-03289],[@B63-ijms-20-03289]\].

SGLT2 inhibitors additionally affect intra cellular Ca^2+^ metabolism. Overexpression and Ca^2+^ dependent activation of Ca^2+^/calmodulin dependent kinase II CaMKII are hallmarks of HF. Empagliflozin reduces CaMKII activity and CaMKII dependent Ca^2+^ leak from the sarcoplasmic reticulum, which may contribute to the beneficial effect in HF \[[@B64-ijms-20-03289]\]. SGLT2 inhibitors also affect intracellular concentration of Na^+^. Elevated cardiac cytoplasmic Na^+^ concentration is a driver of HF. By inhibiting NHE, SGLT2i directly lower cytoplasmic Na^+^ concentration in the cardiomyocyte \[[@B65-ijms-20-03289],[@B66-ijms-20-03289]\].

4.3. SGLT2 Inhibitors and Clinical Outcomes {#sec4dot3-ijms-20-03289}
-------------------------------------------

A Significant number of effective drugs for long-term control of high-glucose levels in T2DM patients have demonstrated their effectiveness in reducing microvascular complications. Unfortunately, these drugs have not shown clear benefits in reducing CV adverse events, even few of them may be harmful when administered to patients with concomitant cardiac disease. The SGLT2i represent a new class of drug with a promising future. Recent large randomized controlled trials investigating safety outcomes with these agents have showed surprising cardiovascular benefits and even a significant mortality rate reduction. Furthermore, these drugs have also gained great attention due to their unclear mechanism of action that seems to be independently of their hypoglycemic effects, and whether is a drug-specific or generalizable to the drug class \[[@B65-ijms-20-03289]\].

As a consequence of all the data reviewed in this article, SGLT2 inhibitors have evolved from antidiabetic treatments towards being studied also for HF, both in diabetic and in non-diabetic patients. The EMPEROR clinical trial is an event-driven trial that is studying this potential benefits. Building up on this hypothesis, we have initiated the EMPA-TROPISM (Are the "Cardiac Benefits" of Empagliflozin Independent of Its Hypoglycemic Activity?) (NCT03485222) clinical trial to investigate the effects of empagliflozin specifically in nondiabetic HF \[[@B12-ijms-20-03289]\], while other event-driven large clinical trials such as EMPEROR-REDUCED (Empagliflozin outcome trial in Patients With chronic HF with Reduced Ejection Fraction) (NCT03057977) or EMPEROR-PRESERVED (Empagliflozin outcome trial in patients with chronic HF with preserved ejection fraction) (NCT03057951) also include HF patients independently of diabetic status.

Additional clinical benefits have been observed in renal patients. Canagliflozin for instance, has demonstrated to mitigate kidney dysfunction and to attenuate eGFR decline and albuminuria, that suggests also a nephroprotective effect of this drug \[[@B66-ijms-20-03289]\]. ([Table 2](#ijms-20-03289-t002){ref-type="table"} represents a comparison between SGLT1 and SGLT2 receptors).

5. Conclusions {#sec5-ijms-20-03289}
==============

The SGLT receptors have drawn a major interest following the surprising results of the EMPA-REG OUTCOME trial \[[@B5-ijms-20-03289]\]. Its role beyond only treating patient with DM has been undoubtedly established. Unlike SGLT2, SGLT1 receptors are expressed in human hearts and they seem to play a major role via favoring carbohydrate metabolism. This phenomenon is certainly important in the acute phase of I/R injury but appears to be detrimental if it prolongs, such as in patients with chronic HF.

In addition, SLGT1 but not SGLT2 have demonstrated to exert pro-inflammatory properties that may intensify myocardial infarct size and contractile dysfunction. Whether SGLT1 inhibition contributes to reduce this phenomenon and provide better outcomes after I/R injury remains still unclear.

Interestingly, SGLT2 inhibitors but not SGLT1 have demonstrated to promote KB metabolism and therefore, to enhance cardiac bioenergetics. This circumstance is of particular interest in patients with chronic damaged hearts. Whether this effect could be strengthened by a dual SGTL1 and SGLT2 inhibition should also be further investigated.
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ijms-20-03289-t001_Table 1

###### 

Pharmacological properties of most common used SGLT inhibitors and clinical outcomes.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  SGLT2 Inhibitor                                                        Bioavailability   Time-to Peak/Half-Life   Excretion               Initial (Max) Dose   Clinical Trials                                                     CV Outcomes                                 Renal Outcome                                                              Effects                                   Main Adverse Effects
  ---------------------------------------------------------------------- ----------------- ------------------------ ----------------------- -------------------- ------------------------------------------------------------------- ------------------------------------------- -------------------------------------------------------------------------- ----------------------------------------- ---------------------------------------------------------------
  Empagliflozin \[[@B5-ijms-20-03289]\]                                  \~75%             1.5 h/13 h               55% Renal 40% Fecal     10 mg (25 mg)        EMPA-REG OUTCOME 10 or 25 mg for 3.1 years                          Reduced CV death (RRR of 38%)\              Reduced progression of kidney disease (RRR 44% of doubled creatinine)      Pancreatic β-cell function improvement\   GTI\
                                                                                                                                                                                                                                     Reduced hospitalization for HF (RRR 35%)\                                                                              Weight loss\                              Hypoglycemia\
                                                                                                                                                                                                                                     Reduced death from any cause (RRR 32%)                                                                                 Natriuretic effect\                       Infrequent
                                                                                                                                                                                                                                                                                                                                                            Decreased SBP\                            
                                                                                                                                                                                                                                                                                                                                                            Decreased Acid uric\                      
                                                                                                                                                                                                                                                                                                                                                            Small increase in HDL-c and LDL-c         

  Canagliflozin \[[@B6-ijms-20-03289]\]                                  \~65%             1--2 h/13 h              41.5% Fecal 33% Renal   100 mg (300 mg)      CANVAS 100 or 300 mg for 3.6 years                                  Reduced hospitalization for HF (RRR 33%)\   Reduced progression of kidney disease (RRR 27%, albuminuria progression)   Weight loss\                              GTI\
                                                                                                                                                                                                                                     Reduced death from any cause (RRR 13%)                                                                                 Natriuretic effect\                       Hypoglycemia (more common than dapagliflozin/ empagliflozin)\
                                                                                                                                                                                                                                                                                                                                                            Decreased SBP\                            May ↑ lower extremities amputations
                                                                                                                                                                                                                                                                                                                                                            Decreased Acid uric\                      
                                                                                                                                                                                                                                                                                                                                                            Small increase in HDL-c and LDL-c         

  Dapagliflozin \[[@B7-ijms-20-03289]\]                                  \~78%             1--1.5 h/13 h            75% Renal 21% Fecal     5 mg (10 mg)         DECLARE-TIMI38 10 mg for 4.2 years DAPA-HF 5 or 10 mg for 3 years   No yet available                            May reduce progression of kidney disease (scarce data)                     Weight loss\                              GTI\
                                                                                                                                                                                                                                                                                                                                                            Natriuretic effect\                       Hypoglycemia\
                                                                                                                                                                                                                                                                                                                                                            Decreased SBP\                            Headache\
                                                                                                                                                                                                                                                                                                                                                            Decreased Acid uric\                      Diarrhea\
                                                                                                                                                                                                                                                                                                                                                            Small increase in HDL-c and LDL-c         May increase breast and bladder cancer rates

  Ertugliflozin \[[@B37-ijms-20-03289]\]                                 \~70--90%         0.5--1.5 h/11--17 h      50% Renal 41% Fecal     5 mg (15 mg)         VERTIS-CV 5 or 15 mg for 6.1 years                                  No yet available                            Not yet available                                                          Weight loss\                              GTI\
                                                                                                                                                                                                                                                                                                                                                            Natriuretic effect\                       Hypoglycemia
                                                                                                                                                                                                                                                                                                                                                            Decreased SBP\                            
                                                                                                                                                                                                                                                                                                                                                            Decreased Acid uric\                      
                                                                                                                                                                                                                                                                                                                                                            Small increase in HDL-c and LDL-c         

  Sotagliflozin (dual SGLT 1 and 2 inhibitor) \[[@B41-ijms-20-03289]\]   \-                3 h/13.5--20.7 h         Mostly Renal            200 mg (400 mg)      inTANDEM 400 mg for 24 weeks                                        Not yet available                           Not yet available                                                          Under investigation                       GTI\
                                                                                                                                                                                                                                                                                                                                                                                                      Nausea/Diarrhea
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CV: cardiovascular; GTI: Genitourinary tract infections; HDL-c: high-density lipoprotein cholesterol; HF: heart failure; LDL-c: low-density lipoprotein cholesterol; RRR: relative risk reduction; SBP: systolic blood pressure; SGLT: sodium-glucose cotransporter.

ijms-20-03289-t002_Table 2

###### 

Comparison of SGLT1 versus SGLT2 inhibitors.

  -------------------------------------------------------------------------------------------------------------
  Characteristic                 SGLT1                                             SGLT2
  ------------------------------ ------------------------------------------------- ----------------------------
  Capacity                       Low                                               High

  Affinity                       High                                              Low

  Function                       Dietary absorption glucose and galactose (GIT)\   Renal reabsorption glucose
                                 Renal reabsorption glucose                        

  Renal location                 S3 of PCT                                         S1 and S2 of PCT

  Renal glucose reabsorption     10%                                               90%

  Ratio Na-Glucose cotransport   2:1                                               1:1

  Gene encoding                  *SCL5A1*                                          *SLC5A2*
  -------------------------------------------------------------------------------------------------------------

GIT: gastrointestinal tract, PCT: proximal convoluted tubule; SGLT: sodium-glucose cotransporter.
